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Abstract
DNA transfections are widely performed in research laboratories and in vivo gene delivery holds the
promise for curing many diseases. The synthetic carriers or vectors for DNA are typically cationic
lipids. However, in biology, the recognition of nucleic acids by proteins involves both electrostatic
and stacking contributions. As such we have prepared a series of new lipophilic peptide vectors that
possess lysine and tryptophan amino acids for evaluation. These lipophilic peptides show minimal
cytotoxicity and enhanced in vitro gene transfection activity.

The complexation of cationic amphiphiles with DNA or RNA and the resulting supramolecular
structures are of interest for the delivery of nucleic acids to cells. As such, a means to correct
a defective gene, introduce a new gene, or knock-down a gene is provided for a specific in
vitro or in vivo application (1-7). This complexation between cationic amphiphiles and nucleic
acids is governed by electrostatic interactions between the positively charged amphiphiles and
the negatively charged phosphate backbone of the nucleic acid and the hydrophobic chain-
chain packing forces between the individual assembled amphiphiles. In biology, the
recognition of nucleic acids by proteins involves more than electrostatic interactions (8-10).
Examination of these protein nucleic acid recognition motifs typically reveals structures rich
in basic and aromatic amino acids that provide important electrostatic and stacking
contributions to binding. With this inspiration in mind, we are designing peptide-based
amphiphiles for gene delivery. Herein we describe a series of lipophilic peptides including the
synthesis, physiochemical properties, cytotoxicity, and in vitro gene transfection activity.

To mimic structural characteristics present in nucleic acid binding proteins, we selected the
tripeptide Lys-Trp-Lys, KWK, to be the headgroup for the amphiphile because it possesses
cationic charges and an aromatic side chain and is relatively small in size. Moreover, this
peptide is known to bind DNA with a binding constant on the order of 104 M and is a model
peptide used to study protein-nucleic acid interactions, and lysine and tryptophan provide
important interactions in a number of structurally characterized DNA binding domains of
proteins (11-14). In addition, lysine-based small molecule amphiphiles and macromolecules
(e.g., polylysine) are being explored and used for gene transfection (15-24). In order to perform
a systematic study to identify the key molecular components responsible for transfection
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activity with these new lipophilic peptides, we prepared a series of amphiphiles where the
headgroup (charge, aliphatic content, aromatic content) and fatty acid chain length (C12:0,
C14:0, C16:0, and C18:0) were varied. As shown in Figure 1, fourteen different lipophilic
peptides were synthesized and investigated. The lipophilic peptides were synthesized in good
yield. First, the fatty acids were coupled to 3-t-butyldiphenylsilylglycerol using EDCI and
DMAP in CH2Cl2. The silyl protecting group was removed with TBAF and then the
corresponding Boc-protected amino acids were coupled to the free primary hydroxyl. The
complete synthetic and characterization details as well as the reaction scheme can be found in
the Supporting Information document.

To determine whether the lipophilic peptides bind DNA, we performed a standard ethidium
bromide-DNA displacement fluorescence assay. All of the lipophilic peptides bind DNA with
approximately the same affinity 106 M as measured by displacement of ethidium bromide.
Most of the lipophilic peptides form DNA complexes with a cation to anion ratio between 1.5
and 2, except for the C18:0 analogues which have a cation to anion ratio of 3. Binding curves
for all of the lipophilic peptides can be found in the SI.

These lipophilic peptides are likely to form bilayer vesicles in aqueous solution, given the polar
headgroup and long hydrophobic acyl chains present in the structure. We prepared liposome
solutions of all the lipophilic peptides with and without DNA by sonicating a hydrated film of
the lipid in an aqueous solution (see SI for details). Dynamic light scattering measurements
revealed the average diameter to range from 170 to 850 nm for the various lipophilic peptides.
As expected, vesicles were not observed with the tripeptide alone, KWK. Next, X-ray
diffraction experiments were performed at 25 °C on samples in the absence and presence of
DNA to characterize the supramolecular structure (see SI). A hydrated vesicle pellet was
obtained for all samples except K-C14, KK-C16, K-C16, and KGG-C14. For the specimens
that formed pellets, oriented multilayers were prepared for X-ray analysis by placing the pellets
on a curved glass substrate and incubating at 66% relative humidity. All of the samples that
did diffract showed multiple reflections indexing as orders of lamellar repeat periods,
characteristic of lipid bilayers. For a specific headgroup the lamellar repeat period
systematically increased with increasing fatty acid chain length. For example, the repeat
periods for KK-C12, KK-C14, and KK-C18 were 3.7 nm, 4.1 nm, and 5.1 nm, respectively.
For these KK samples the repeat period did not increase appreciably upon the addition of DNA,
indicating that DNA was not present within the multilayers. The lipophilic peptides KWK-
C14 and KWK-C16, possessing the tripeptide headgroup and either the C14:0 or C16:0 acyl
chains, gave larger lamellar repeat periods in the presence of DNA. The addition of DNA
increased the repeat periods from 4.4 to 7.3 nm and 6.6 to 7.1 nm for KWK-C14 and KWK-
C16, respectively. For KGK-C14 a repeat period of 4.1 nm was obtained without DNA and a
satisfactory pellet with DNA was not obtained. For KGG-C14 the repeat period in the presence
of DNA was 6.8 nm. These data with the tripeptide headgroups are consistent with a structural
model where a smectic phase is formed with the DNA chains located between the adjacent
lipid bilayers within the multilamellar liposome. This structural model has been reported for
complexes of DNA with DOTAP (25) and cationic triesters of phosphatidylcholine (26).

Transfection experiments using the reporter gene, β-galactosidase (β-gal, pVax-LacZ1,
Invitrogen), were performed with chinese hamster ovarian (CHO) and NIH 3T3 cells (see SI
for details). Gene transfection results were determined after 48 h as a function of both lipophilic
peptides and cation/anion ratio. Only those lipophilic peptides possessing the tripeptide
headgroup afforded significant transfection of the reporter gene. The peptide itself does not
transfect. As shown in Figure 2 for the CHO cells, lipophilic peptides KWK-C14 and KWK-
C16 were more effective synthetic vectors than the KWK-C12 and KWK-C18 based lipids.
To assess the role of the aromatic tryptophan and lysine in the headgroup, we tested peptidic
amphiphile KGK-C14 where the W was replaced with a glycine (G) residue and KGG-C14
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where the alpha K was also replaced with a G. As shown in Figure 2, good transfection activity
was observed with KGK-C14, and higher levels were obtained with the KGG-C14
transfection agent. The lipophilic peptide KGG-C14 was comparable to our positive control.
Successful transfection was also observed with the NIH 3T3 cells as shown in Figure 2 with
the KWK-C16 being the most active. The lipophilic peptides transfected a large number of
cells in the population as confirmed by histochemical staining (Figure 3). Cytotoxity
experiments performed with all the tripeptide lipophilic peptides showed no significant
cytotoxicity, similar to nontreated cells and significantly better than Lipofectamine 2000 when
exposed to chinese hamster ovarian (CHO) or NIH 3T3 cells (see SI).

In summary, a series of new lipophilic peptides are reported and those possessing a cationic
tripeptide headgroup are effective nonviral vectors for gene delivery. A number of observations
can be made for these lipophilic peptides including (1) the necessity for lipophilicity in the
vector as the tripeptide itself does not form vesicular structures nor afford transfection (KWK-
C14 vs KWK); (2) more cationic charges are not the sole contributor to efficient transfection
(K-C16 vs KK-C16 vs KWK-C16); (3) a peptide-based headgroup containing an aromatic
residue capable of DNA intercalation is not required as substitution by an aliphatic residue
gives activity; (4) spacing of the cationic charges within the headgroup affords better
transfection performance (KWK-C14 vs KK-C14); and (5) lipoplexes forming a lamellar
structure with DNA which possess >6 nm repeat periods perform better compared to the
structures that do not (KWK-C14 vs KK-C14). These results highlight the sensitivity of gene
transfection to subtle changes in chemical structure and the importance of identifying the
optimized noncovalent interactions between the transfection agent and DNA. Importantly,
these results with the lipophilic peptides expand the current repertoire of efficient transfection
vectors available for use. Continued research with synthetic nonviral vectors will facilitate the
design, development, and subsequent in vitro and in vivo evaluation toward the goal of efficient
and safe delivery of nucleic acids.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lipophilic peptides under investigation for gene delivery.
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Figure 2.
Gene transfection results after 48 h in CHO cells (top) and in NIH 3T3 (bottom) as a function
of lipophilic peptide and mole ratio. N = 3.
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Figure 3.
Photograph of CHO cells transfected with the reporter gene, β-galactosidase (β-gal) using
KWK-C14 (right) and Lipofectamine 2000 (left).
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